The C max and AUC of rosuvastatin increase when it is coadministered with telmisartan. The aim of this study was to explore which of the pharmacokinetic (PK) parameters of rosuvastatin are changed by telmisartan to cause such an interaction. We used data from drug-drug interaction (DDI) studies of 74 healthy volunteers performed in three different institutions. Rosuvastatin population PK models with or without telmisartan were developed using NONMEM (version 7.3). The plasma concentration-time profile of rosuvastatin was best described by a two-compartment, first-order elimination model with simultaneous Erlang and zero-order absorption when given rosuvastatin alone. When telmisartan was coadministered, the zero-order absorption fraction of rosuvastatin had to be omitted from the model because the absorption was dramatically accelerated. Notwithstanding the accelerated absorption, the relative bioavailability (BA) parameter estimate in the model demonstrated that the telmisartan-induced increase in BA was only about 20% and the clearance was not influenced by telmisartan at all in the final PK model. Thus, our model implies that telmisartan may influence the absorption process of rosuvastatin rather than its metabolic elimination. This may be used as a clue for further physiologically based PK (PBPK) approaches to investigate the mechanism of rosuvastatin-telmisartan DDI.
Introduction
The 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor rosuvastatin (Crestor) effectively reduces low-density lipoprotein cholesterol levels in dyslipidemic patients. [1] Following intravenous administration of rosuvastatin, clearance is predominantly nonrenal, with hepatic and renal routes of elimination accounting for 72% and 28% of total systemic clearance, respectively. [2] Rosuvastatin is mainly excreted unchanged into bile, [2, 3] and less than 10% is metabolized to N-desmethyl rosuvastatin by CYP2C9. [4] Rosuvastatin is extensively distributed into the liver, presumably because of active uptake by organicanion transporting polypeptides (OATPs)1B1, OATP1B3, and OATP2B1, and by the sodium-dependent taurocholated cotransporting polypeptide (NTCP) transporters, [5] [6] [7] despite its low passive diffusion into hepatocytes. [3, 8, 9] It is also a substrate of efflux transporters such as the liver canalicular and intestinal breast cancer resistance protein (BCRP). [10] Among patients with cardiovascular disease in a three-year retrospective study, 30.7% were found to have both hypertension and dyslipidemia, and 66.3% of patients with diabetes had concomitant hypertension and dyslipidemia. [11] Thus, multiple drug therapy has been widely practiced to treat problems including hypertension and dyslipidemia. Rosuvastatin is commonly used in combination with telmisartan, an angiotensin II type-I receptor antagonist (ARB). Recently, Son et al. [12] reported increased pharmacokinetic (PK) exposure of rosuvastatin when coadministered with telmisartan. The absorption of rosuvastatin was accelerated (C max was doubled, with T max change from 5 h to 0.75 h), whereas its AUC increased by only 1.18-fold when coadministered with telmisartan, although the cause of this phenomenon was not identified by the authors. In Korea, several PK studies of rosuvastatin and telmisartan interaction with similar designs have been conducted that showed the same trend of increased exposure of rosuvastatin. However, one peculiar finding in the studies performed at different institutions was that the level of rosuvastatin PK exposure was significantly different by the contact research organizations (CROs)
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PK modeling of rosuvastatin-telmisartan DDI that measured the rosuvastatin plasma concentrations.
The aim of this study was to use mixed effect modeling to explore which of the PK parameters of rosuvastatin are changed by telmisartan. Although the interinstitutional differences discussed in this report may be a sensitive issue for the CROs or regulatory authority, they should not be overlooked, because the reliability and comparability of concentration measurement data is one of fundamentals in research and development. Thus, we did not reveal the identity of institutions, sponsors, or CROs that were involved in the production of the PK data after discussion with the editors of Translational and Clinical Pharmacology.
Methods
Study design and data
The rosuvastatin pharmacokinetics data following oral administration of rosuvastatin alone or rosuvastatin with coadministration of telmisartan to healthy volunteers were available from three different clinical trial centers. These data came from 74 participants enrolled in three clinical drug interaction studies to evaluate the effect of telmisartan on the PK of rosuvastatin. Studies conducted in institutions A (Inst_A) and C (Inst_ C) employed a one-sequence crossover design, while that in institution B (Inst_B) employed a two-way crossover design.
All participants were randomly allocated to the two treatment groups (rosuvastatin with/without telmisartan) and received multiple doses of 20 mg rosuvastatin or 80 mg telmisartan to reach a steady state. PK sampling schemes, dosage regimen, and study designs in the three different institutions are illustrated in Figure 1 . The detailed sampling time points, number of participants, number of samples used for data analysis and demographic characteristics of the volunteers at each institution are summarized in Table 1 .
Each study protocol was approved by the ethics committees at participating study centers and all studies were conducted in accordance with the principles of the Declaration of Helsinki and Korean good clinical practice. Samples were analyzed using a high-performance liquid chromatography mass spectrometry method (HPLC-MS/MS) at different CROs. The range of the lower limits of quantitation were 0.1-1 ng/mL.
Noncompartmental Analysis
Noncompartmental analysis (NCA, Phoenix WinNonlin, version 6.3, Pharsight Corporation, CA, USA) was performed to determine the PK parameters of rosuvastatin. PK parameters including terminal half-life (t 1/2 ), area under the concentrationtime curve over the dosing interval at steady state (AUC τ,ss ), maximum concentration at steady state (C max,ss ) and time at which occurs C max,ss (T max,ss ) were calculated. AUC τ,ss was calculated using a linear trapezoidal with linear interpolation method and t 1/2 was calculated as 0.693/λ z , where λ z is the terminal elimination rate constant. C max,ss and T max,ss were determined directly from the observed data. All analyses were made using the actual sampling times rather than the scheduled times.
Population PK Model Development
The population PK modeling was conducted using NONMEM (version 7.3, Icon Development Solutions, Ellicott City, MD, USA) with Pirana (version 2.9.2). RStudio (version 0.99) using R (version 3.2.2) and Xpose4 (version 4.5.3) were used for data preparation, graphical analysis, model diagnostics, and statistical summaries. A first-order conditional estimation method with interaction (FOCEI) was used for parameter estimation. 
Institution Subjects Samples
Sampling Appropriate model structures for rosuvastatin were guided by previous report [13] and the objective function value (OFV), goodness-of-fit plots, precision in parameter estimates, and model stability (i.e., condition number, successful convergence, and matrix singularity). The results for likelihood ratio tests (LRT) were considered to be significant if decreases in the OFV were greater than the cut-off points equivalent to the p value 0.05 (i.e., 3.84 for df = 1; 5.99 for df = 2, etc.). Reported population PK model for rosuvastatin was a two-compartment, with a simultaneous first-and zero-order absorption model. Thus, a two-compartment model with first-order absorption was used as an initial model, and then various absorption models were evaluated. Interindividual variability (IIV) was described using a log-normal distribution of structural model parameters:
where P i is the individual value of the parameter (e.g., CL/F or V c /F) for individual i, P TV is the typical value model parameter, and η i is the inter-individual random effect accounting for the ith individual's deviation from the typical value. The η i was assumed to have a normal distribution with a mean of zero and variance of ω 2 . When the correlation between the random variables was significant, the relationship was reflected in the model using the OMEGA BLOCK option. The coefficient of variation (%CV) is reported as:
The residual error model was tested using proportional and combined error models:
where Y ij denotes the observed concentration for the ith individual at time t j ; C ij denotes the corresponding predicted concentration based on the PK model, ε ij denotes the intra-individual (residual) random effect (zero mean and unit variance), and w ij denotes the residual standard deviation (SD) with corresponding proportional and additive variance components, σ 1 2 and σ 2 2 , respectively.
Model evaluation
The stability of the final model was evaluated by non-parametric bootstrap analysis using Wings for NONMEM (version 741, wfn.sourceforge.net/). The median values and 95% confidence intervals for the parameter estimates from 200 bootstrap replicates of the original dataset were compared with the final parameters. Visual predictive checks (VPC) were performed by using simulated concentrations of 1000 virtual datasets simulated using the final model. The median, 5th, and 95th percentiles of the simulated concentrations were calculated at each time point and were overlaid on the observed concentrations grouped by the institutions and telmisartan coadministration.
Results
Noncompartmental analysis
The mean plasma rosuvastatin concentration-time profiles of each institution are shown in Figure 2 and the mean PK parameters determined by NCA are summarized in Table 2 . The geometric mean ratios (GMRs) for treatment (rosuvastatin with telmisartan/rosuvastatin alone) observed in the three institutions were 2.3-2.9 for C max,ss and 1.3-1.4 for AUC τ,ss . GMRs of PK parameters (C max,ss and AUC τ,ss ) between institutions (Inst_ B/Inst_A or Inst_C/Inst_A) were 1.5-2.1 for C max,ss and 1.5-2.0 for AUC τ,ss . Median T max value changed from 3-4 h for the rosuvastatin alone group to 1 h for the telmisartan coadministration group. 
Population PK Model Development
Exploratory analysis and the NCA results indicated that the plasma concentration-time profiles and the change of systemic exposures were similar among the institutions, thus model development started with a subset (Inst_A and rosuvastatin only group). Because the first-order absorption model showed a clear trend at early time points in the conditional weighted residual (CWRES) versus time plot, different absorption models were explored: the simultaneous first-order and zero-order absorption model clearly improved the goodness-of-fit. However, Er- 
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PK modeling of rosuvastatin-telmisartan DDI lang absorption combined with a zero-order absorption model was best because many participants showed delayed absorption profiles. Thus, a two-compartment, first-order elimination model with simultaneous Erlang (fraction: Fr1) and zero-order (fraction: Fr2=1-Fr1) absorption described the PK profiles of rosuvastatin (without telmisartan) better than any other model (Fig. 3 ). After base model development with the subset, "rosuvastatin alone" PK data from all of the three institutions (Inst_A, Inst_B, and Inst_C) were analyzed simultaneously. Based on the difference of systemic exposure between institutions in NCA result (Table 2) , the relative bioavailability (BA) between institutions was estimated by assuming the BA of the Inst_A equals 1 
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as in the following equations:
where P Fr1 is the fraction of Erlang absorption and P INST is the ratio of Inst_B or C compared to Inst_A (The P INST of Inst_A was fixed to 1).
When telmisartan was coadministered, the absorption of rosuvastatin was too fast to estimate both of the Erlang and zeroorder absorption fractions: thus, the Erlang absorption model without a zero-order absorption term was chosen. Another relative bioavailability parameter for telmisartan treatment (F rel ) was also estimated to reflect the AUC changes by telmisartan. Because GMRs of AUC τ,ss (with/without telmisartan) were similar among the institutions in the NCA results (Table 2 ), the interinstitutional difference of F rel was not estimated. However, telmisartan treatment did not have an impact on CL/F (data not shown). Interindividual variability of CL/F, V c /F, Q/F, V p /F, k a1 , k a2 , and F rel with a covariance structure (3 x 3 matrix of CL/F, V c /F, and V p /F) was incorporated into the structural model. The residual error was estimated using the combined additive and proportional error model. Goodness-of-fit plots suggest that the final model adequately described the observed concentration data (Fig. 4) . The final parameter estimates are summarized in Table 3 .
Median values of the parameter estimates and their 95% CIs from bootstrapping were very similar to the mean population estimates from the final model (Table 3) . VPC results for both treatments (rosuvastatin with/without telmisartan) are shown in Figure 5 .
Discussion
This analysis aimed to develop the population PK model of rosuvastatin using data from three PK drug interaction studies to evaluate the effect of telmisartan on rosuvastatin in Korean healthy volunteers. A two-compartment, first-order elimination with a simultaneous Erlang and zero-order absorption model was found best to fit the rosuvastatin data alone, which was consistent with a previously reported PK model except that a Erlang absorption component was used instead of first-order absorption. [13] The fraction and duration of zero-order absorption were 80.3% and 3.56 h, respectively, consistent with a previous report (86% and 4.48 h). [13] Two separate absorption rate constants (K a1 and K a2 ) were also used to fit the altered absorption profile in telmisartan coadministration group. There are mechanistic approaches such as physiologically based PK (PBPK) modeling using specialized software (Simcyp, Gatroplus, and PKsim) [14] [15] [16] and reduced (or simplified) PBPK modeling using NONMEM. [17, 18] Rosuvastatin is a substrate of hepatic uptake transporters (OATP1B1, OATP1B3, OATP2B1, and NTCP) and efflux transporters such as BCRP, and there are many clinically meaningful DDI data. [15, 19, 20] Telmisartan is an inhibitor of MRP, BCRP in in vitro, [21] but, as yet, there is no reported case of clinical transporter-mediated DDI of telmisartan as a perpetrator. In our final model, telmisartan affects the absorption process of rosuvastatin rather than its metabolic elimination. Our model may be used as a starting point of mechanistic modeling to investigate the mechanism of rosuvastatin-telmisartan DDI.
In this study, we assumed that the difference of the mean PK exposure parameters (C max , AUC τ ) among the institutions comes from the assay accuracy difference among the drug concentration assays (all of the three institutions used different CROs to assay rosuvastatin concentration). Laporte-Simitsidis et al. [22] showed that omitting the interstudy variability (ISV) does not introduce any bias into the estimation of the fixed effects or the residual variance terms, but does inflate the estimate of IIV. They recommended that it is probably not worth estimating ISV when the number of studies being pooled is less than 20. ISV estimated as relative BA in our model were 1.58 and 1.48 when that of Inst_A was fixed to 1. Although its implication may not be concluded in this report, we find it meaningful that the magnitude of ISV for PK assay in clinical trials, which has been discussed rarely in Korea, is reported herein.
In conclusion, the population PK model adequately described rosuvastatin and telmisartan DDI data. Increased exposure of rosuvastatin by telmisartan coadministration was mainly caused by the accelerated absorption rather than decreased clearance.
